The interplay between topology and magnetism is essential for realizing novel topological states including the axion insulator, the magnetic Weyl semimetals, the Chern insulator, as well as the 3D quantized anomalous Hall insulator. A stoichiometric, intrinsically ferromagnetic topological material with only the topological bands at the charge neutrality energy has so far remained elusive. By rationally designing the natural heterostructure consisting of the building blocks of [MnBi2Te4] septuple layers and [Bi2Te3] quintuple layers, we report the first stoichiometric, intrinsic ferromagnetic topological material with clean low-energy band structure in MnBi8Te13. Our data show that MnBi8Te13 is ferromagnetic below 10.5 K with strong coupling between magnetism and charge carriers.
Introduction
Over the past decade, topology has taken the center stage in condensed matter physics and materials science, emerging as an organizing principle of the states of matter 1 . Many topological phases, such as quantum spin Hall insulators, quantum anomalous Hall (QAH) insulators, 3D topological insulators (TI), and Weyl semimetals, have been observed 2, 3 .
Despite tremendous progress, the dominant majority of known topological materials (apart from the QAH insulators) are nonmagnetic materials whereas studies on magnetic topological materials have been far more limited. In contrast to their nonmagnetic counterparts, magnetic topological materials allow for a distinct set of new topological states including the axion insulator, the magnetic Weyl semimetals, the Chern insulators, as well as the 3D QAH insulators 2, 3 . Furthermore, magnetism is a natural way to induce non-negligible electronic interaction, paving the way for studying the interplay between band topology and correlation. Therefore, topological magnetic materials have emerged as the frontier of the field. Indeed, since the realization of the QAH state in the magneticallydoped topological insulator thin films Cr0.15(Bi0.1Sb0.9)1.85Te3 4 , recent studies have identified a range of magnetic materials such as Fe3Sn2, Co3Sn2S2, Mn3Ge and Co2MnGa [5] [6] [7] [8] [9] . However, the magnetically-doped topological insulator thin films are nonstoichiometric systems where disorder and inhomogeneity are unavoidable. Fe3Sn2, Co3Sn2S2, Mn3Ge and Co2MnGa are all large carrier density metals where significant topologically trivial bands coexist with the topological bands at the chemical potential [5] [6] [7] [8] [9] . To avoid these drawbacks, a stoichiometric, intrinsically ferromagnetic topological material with only the topological bands at Fermi level is strongly desired but has so far remained elusive.
Recently, MnBi2Te4, a van der Waals (vdW) compound composed of the septuple layers (SL) of [MnBi2Te4] was identified as an intrinsic magnetic topological material with clean band structure . Unfortunately, its magnetism is ferromagnetic in plane but antiferromagnetic out of plane 15, 35 . Therefore, even though the quantized anomalous Hall conductance was observed at a record-breaking temperature of 4.5 K, it requires an external magnetic field as large as 12 T to polarize the system into ferromagnetic 21, 22 . Can we reduce the interlayer AFM coupling between the adjacent Mn layers to realize intrinsic FM? One 4 material design strategy is to increase the interlayer distance between the adjacent Mn layers. How can we achieve it? Structurally, SL blocks have great compatibility with quintuple (QL) blocks of [Bi2Te3], as suggested by the existence of GeBi4Te7 which has alternating [GeBi2Te4] SL and [Bi2Te3] QL building blocks 36 . This superior compatibility provides us flexible structural control to reduce the interlayer magnetic coupling by increasing the interlayer distance between the adjacent [MnBi2Te4] layers. Based on our material design strategy, here we report the discovery of a novel stoichiometric FM TI MnBi8Te13. Our thermodynamic and transport measurements indicate that MnBi8Te13 is FM below 10.5 K with the easy axis along the c axis. Our first-principles calculation and angle-resolved photoemission spectroscopy (ARPES) measurements suggest it is an intrinsic FM axion insulator. Considering the natural heterostructure nature of MnBi8Te13, our finding provides a superior material realization to explore zero-field QAH effect, quantized topological magnetoelectric effect and associated phenomena.
Results

Crystal structure of MnBi8Te13 and the stacking rule of the MnBi2nTe3n+1 family.
Although the existence of MnBi8Te13 was mentioned 37 , its crystal structure was never reported, partially due to the difficulty in growing the MnBi8Te13 phase and separating it from the other members in the MnBi2nTe3n+1 family. We managed to grow MnBi8Te13 with no impurities inside and solved the crystal structure of MnBi8Te13 by refining the powder X-ray diffraction (XRD) pattern taken at 300 K using Rietveld refinement method. The powder XRD pattern and the Rietveld refinement are shown in Fig. 1 (a). Although the intensity and peak positions of the major peaks match well with the Bi2Te3 phase, the lowangle diffraction peaks can be well indexed as the (0 0 L) with lattice parameter c as 132.415(3) Å (see the inset of Fig. 1 (a) ). This value indicates three [Bi2Te3] QL sit between the adjacent [MnBi2Te4] SL, as shown in the inset of Fig. 1(b) , indicating the formation of MnBi8Te13. To solve the crystal structure, various stacking models were checked. We found that MnBi8Te13 crystallizes in the R − 3m symmetry with the lattice parameters: a = b = 4.37485(7) Å, c = 132.415(3) Å, α = β = 90 • , γ = 120 • . The refinement results and structural parameters are summarized in Table S1 and S2. The crystal structure is shown in Fig. 1 
It is characterized by the alternating stacking of monolayer of MnTe6 octahedra that are well separated by a number of monolayers of BiTe6 octahedra running along the c-axis. We can rationalize the stacking sequence of the MnBi2nTe3n+1 series. Using Bi2Te3 shown in Bi atoms and top Te atoms are on the cell edges, respectively. "Mn" layer can replace "A" or "B" or "C" bilayers of BiTe6 octahedra to make MnBi2nTe3n+1. For example, as shown in Fig. 1 
exactly the one we obtained based on our powder X-ray refinement. Therefore, with the stacking rule here, we can easily assign the stacking sequence for the yet-to-be-discovered higher n members of MnBi2nTe3n+1 or design new magnetic topological insulators with the QL and SL building blocks. Sharp contrast can be seen. A large bifurcation of ZFC and FC data of χ c appears below 10.5 K in MnBi8Te13, where upon cooling the ZFC data decrease but the FC data increase, suggesting the formation of FM domains. However, for MnBi6Te10, we observed a sharp cusp feature centering at 11.0 K in χ c , similar to the ones in AFM MnBi2Te4 and MnBi4Te7 9,38 but with a small bifurcation of ZFC and FC data below 9 K. Furthermore, at Strong coupling between charge carriers and magnetism is observed in MnBi8Te13 through the magnetotransport measurements, as shown in Fig. 3. ρxx(H) , ρzz(H) and ρxy(H) follow the same hysteresis as that in M(H). Using = / , our 50 K data corresponds to an electron carrier density of 1.66 × 10 20 cm -3 , similar to that of MnBi2Te4 24, 29, 41 . Figure 3 FM axion insulate state revealed by DFT calculation. The electronic band structure of MnBi8Te13 in the FM configuration with the spin oriented along the c axis is shown in Fig.4 (b). In the FM configuration, we found a continuous energy gap separating the highest valence band (VB) and the lowest conduction band (CB) throughout the BZ. To highlight the spin-splitting in the presence of FM ordering, we present the <Sz> resolved bandstructure in Fig. 4 (c) . The band structure projected on the Bi p and Te p orbitals shows that the bands near the Fermi level mostly originate from the Bi p and Te p orbitals. As shown in Fig.4 (d The presence of clear band inversions around the Γ point hints towards a topological phase.
To unravel the exact topology of this system, we first compute the Chern number in kz = 0 and kz = π planes. In both planes the Chern number is found to be zero. Next, we compute the parity-based higher-order Z4 invariant, which is given by
Here, ξn (Γi) is the parity of the n th band at the i th time reversal invariant momenta (TRIM) point Γi , and nocc is the number of occupied bands. The Z4 invariant is well defined for an inversion symmetric system, even in the absence of time reversal symmetry [42] [43] [44] . The odd values of Z4 (1, 3) indicate a Weyl semimetal phase, while Z4 =2 implies an insulator phase with a quantized topological magnetoelectric effect (axion coupling θ = π) 45 . A detailed list of the number of occupied bands with even (n + occ) and odd (nocc) parity eigenvalues at eight TRIM points are shown in Table 1 . Based on this, the computed Z4 invariant is found to be 2, which demonstrates that MnBi8Te13 is an intrinsic ferromagnetic axion insulator. Table 1 The number of occupied bands of the even and odd parity eigenvalues at eight TRIM points.
Γi (0,0,0) (π,0,0) (0,π,0) (0,0,π) (π,π,0) (0,π,π) (π,0,π) (π,π,π) we have performed small-spot ARPES scanned across the surfaces of MnBi8Te13. In Fig.   5(a-d) , we present several ARPES spectra measured on two different spots of the sample, and in Fig. 5 (e-f) we present the Fermi surface for spot 1 at two different photon energies.
The data is reminiscent of that of many other topological insulators with clear topological surface states, with a charge-neutrality point of about -0.35 eV, i.e. the samples are n-type doped, consistent with the transport measurements. This n-type doping is observed in essentially all Bi-chalcogenides and may be due to Te defects in the system, with the possibility to bring the Fermi energy to the charge-neutrality point by Sb doping.
The observed spectra exhibit a gapless behavior near the charge neutrality point, which is expected for some of the surface terminations of MnBi8Te13. Recent ARPES measurements on MnBi4Te7 and MnBi6Te10 suggest that gapless surface state appears in the SL termination and the QL terminations which are two or more layers above the SL 46, 47 whereas the gapped surface state exists at the QL terminations which are right above SL.
Therefore, based upon our data, we believe that the cleaved surface with only one QL above the SL is likely to present the gapped surface states of greatest interest. Further investigation is required to thoroughly separate the spectra from the four possible surface terminations and observe these gapped surface states.
Discussion
We have presented the realization of the intrinsic ferromagnetic topological material, MnBi8Te13. Our work has three implications. First, our theoretical calculations show that
MnBi8Te13 is a ferromagnetic axion insulator. Such a topological axion state suggests a quantized magnetoelectric coupling and an emergent axion electrodynamics. Therefore, the optical responses of MnBi8Te13, especially in the terahertz regime, may be of great interest. Second, the intrinsic ferromagnetism paves the way for the realization of QAH state at zero magnetic field. Third, when it is exfoliated into the 2D version, the superlattice nature of vdW MnBi8Te13 makes the rich combination of natural heterostructures possible,
where various emergent properties such as QAH state and QSH state are proposed 39 .
Furthermore, the stacking rule we have rationalized can help design new magnetic topological insulators with the QL and SL building blocks. Our work here in general establishes natural heterostructing as a powerful way to rationally design and control magnetism and other broken symmetry states in layered vdW materials.
Methods
Sample growth and characterization. We have grown single crystals of MnBi2nTe3n+1 (n = 3 and 4) using self-flux 17, 38 . Mn, Bi and Te elements are mixed so the molar ratio of MnTe:
Bi2Te3 is 15:85. Although the growth window for MnBi4Te7 and MnBi6Te10 are of several degrees, we found that the one for MnBi8Te13 is limited to be only one degree barely above the melting temperature of the melt. Bi2Te3 is the inevitable side product. We also noticed that with increasing n numbers, the chance of the intergrowth between Bi2Te3 and in-situ in an ultra-high vacuum better than 4×10 -11 Torr and a temperature of 15 K. ARPES spectra were taken at 12 K, slightly higher than 10.5 K, the ferromagnetic transition temperature. 
